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Decays Z → ggγ and Z ′ → ggγ in the minimal 331 model
A. Flores-Tlalpa, J. Montan˜o, F. Ramı´rez-Zavaleta, and J. J. Toscano
Facultad de Ciencias F´ısico Matema´ticas, Beneme´rita Universidad
Auto´noma de Puebla, Apartado Postal 1152, Puebla, Puebla, Me´xico.
The one-loop induced Z → ggγ and Z′ → ggγ decays are studied within the context of the
minimal 331 model, which predicts the existence of new gauge bosons and three exotic quarks. It is
found that the Z → ggγ decay is insensitive to the presence of the exotic quarks, as it is essentially
governed by the first two families of known quarks. As to the Z′ → ggγ decay, it is found that the
exotic quark contribution dominates and that for a heavy Z′ boson it leads to a Γ(Z′ → ggγ) that
is more than one order of magnitude larger than that associated with Γ(Z′ → ggg).
PACS numbers: 13.38.Dg, 12.60.Cn, 14.70.Dj
In a recent communication [1], we presented a comprehensive study on the Z → ggg and Z ′ → ggg [2] decays within
the context of the minimal 331 model [3, 4]. This model, which is based in the SUC(3) × SUL(3) × UX(1) gauge
group, has the peculiarity of predicting new physics effects at the TeV scale [4, 5]. In the gauge sector, the model
predicts the existence of a new Z ′ gauge boson as well as two doubly charged and two simply charged gauge bosons,
that arise in the first stage of spontaneous symmetry breaking (SSB) when SUC(3)× SUL(3)× UX(1) is broken into
SUC(3) × SUL(2) × UY (1) [6]. These charged gauge bosons, which arise as a doublet of the SUL(2) group [6], are
known as bileptons because they carry two units of lepton number. In this model, the lepton spectrum is the same1 as
in the standard model (SM), but three new exotic quarks are needed in order to cancel anomalies [4, 6, 8]. To endow
with mass the spectrum of particles, the model requires of a Higgs sector composed of three triplets and one sextet
of SUL(3) [5, 6]. Interestingly, the new gauge boson masses are bounded from above [4, 5, 8] due to the theoretical
constraint which yields sin2 θW ≡ s
2
W 6 1/4 [4, 5]. The fact that the value of s
2
W is very close to 1/4 at the mZ′ scale
leads to an upper bound on the scale associated with the first stage of SSB, which translates directly into a bound
on the Z ′ mass given by mZ′ 6 3.1 TeV [5], which in turns implies that the bilepton masses cannot be heavier than
mZ′/2 [5]. It turns out that when s
2
W (µ) = 1/4 the coupling constant gX associated with the UX(1) group becomes
infinite and a Landau pole arises [9].
In this brief report, we present results for the Z → ggγ and Z ′ → ggγ decays within the context of the 331 model.
These decays receive contributions from both the known quarks and the exotic quarks (D and S with charge −4/3
in units of the positron charge, and T with charge +5/3). It turns out that the amplitude for the V ggγ vertex, with
V = Z,Z ′, can be obtained as a particular case of the amplitude for the V ggg vertex, whose exact expression is
listed in Ref. [1]. As it is pointed out in Refs. [1, 10], the amplitude for the V ggg vertex is composed by the vector
amplitude and the axial vector amplitude, which are finite and gauge invariant by themselves and do not interfere
among themselves, as they are proportional to the color structures dabc and fabc, respectively. However, due to the
Abelian character of the photon, there is no contribution of axial vector type to the V ggγ vertex, the contribution is
only of vector type and arises from box diagrams of the type shown in Fig. 1. Using the notation and conventions
shown in this figure, the amplitude for the V → ggγ decay can be written as
MV→ggγ =M
µ1µ2µ3µ4
ab ǫ
∗ a
µ1
(p1, λ1)ǫ
∗ b
µ2
(p2, λ2)ǫ
∗
µ3
(p3, λ3)ǫµ4(p4, λ4), (1)
where
Mµ1µ2µ3µ4ab = g
q
V VQqδab
(
−
ig2segVNC
2π2
) 18∑
j=1
f qVjT
µ1µ2µ3µ4
Vj
, (2)
with Qq representing the electric charge in units of the positron charge. The form factors f
q
Vj
and the gauge structures
T µ1µ2µ3µ4Vj appearing in the above expression are given in Ref. [1]. As it is shown in this reference, these form factors
are free of ultraviolet divergences, whereas the gauge structures satisfy the transversality conditions:
piµiM
µ1µ2µ3µ4
ab = 0 , i = 1, 2, 3, 4. (3)
1 It should be mentioned that there is a different version of this model [7] which introduces exotic leptons but with the same quark sector.
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FIG. 1: Generic box diagram contributing to the V γgg vertex (V = Z, Z′). There are a total of 6 box diagrams, which are
obtained from the one given in this figure via Bose symmetry.
On the other hand, the decay width can be written as follows:
Γ(V → ggγ) =
mV
1536 π3
∫ 1
0
∫ 1
1−x
|M|2dxdy
=
α2s(mV )α
2N2CmV
32 π3s2W c
2
W
8
∫
1
0
∫
1
1−x
18∑
q,q′
gqV VQqg
q′
V VQq′
(
1
3
∑
λ1,λ2,λ3,λ4
VqV
∗
q′
)
dxdy, (4)
where
Vq =
18∑
j=1
f qVjT
µ1µ2µ3µ4
Vj
ǫa∗µ1(p1, λ1)ǫ
b∗
µ2
(p2, λ2)ǫ
∗
µ3
(p3, λ3)ǫµ4(p4, λ4) . (5)
We now turn to discuss our results. As already discussed in Ref. [1], the behavior of the amplitude associated
with this class of four vector couplings is of decoupling nature when considered as a function of the internal mass
quark, but it is nondecoupling when evaluated with respect to the mass difference of the members of the doublets
of the SM quarks. This behavior was discussed in detail in Ref. [1] and we will refrain from presenting here. Since
the only difference between the vector amplitudes for the V ggγ and V ggg couplings comes from coupling constants,
color factors, and statistical factors, roughly one can to expect that the decay width for the V → ggγ transition is
suppressed with respect to the one associated with the V → ggg process by a factor of (36/5)(α/αs)Q
2
qi
≈ 0.14 Q2qi ,
which is always lower than the unity still for exotic quarks. Although this is the case for the Z → ggγ decay, we will
see below that the exotic quark contribution to the Z ′ → ggγ transition leads to a width decay which can be one
order of magnitude or larger than that associated with the Z ′ → ggg transition. The reason for this behavior is due
to a constructive interference effect among the exotic quarks.
The Z → ggγ decay has already been calculated in the SM [11]. Here, we present complete numerical results in the
context of the minimal 331 model, which include the contributions induced by the exotic quarks, for whose masses we
will use values that are consistent with current bounds estimated in the literature [12]. Following Ref. [1], we write
the decay width of the V → ggγ transition as the sum of three partial widths:
Γ(V → ggγ) = Γqi + ΓQi + Γqi−Qi , (6)
where Γqi , ΓQi , and Γqi−Qi are the contributions of the SM quarks, the exotic quarks, and the interference between
these contributions, respectively. In Table I, the contributions to the decay width of the Z → ggγ transition induced
by the three known families and the exotic quarks, which are computed with a degenerate mass of mQi = 500 GeV,
are shown. From this table, it can be appreciated that the decay width is determined essentially by the first two
families and a constructive interference effect. As it can be appreciated from this table, the contribution induced by
the exotic quark is completely marginal. Using the value for the total Z decay width reported by The Particle Data
Group [13], one obtains the following branching ratio
Br(Z → ggγ) = 5.49× 10−6 . (7)
We now turn to discuss the Z ′ → ggγ decay. In Table II, the contribution of the SM quarks to Γ(Z ′ → ggγ) is
shown for mZ′ = 500 GeV and mZ′ = 1.5 TeV. These values for the Z
′ mass are consistent with the corresponding
bounds given in the literature [14]. It can be appreciated from these tables that the main contribution arises from the
third family, but that those contributions coming from the first and second families are also relevant, as they are lower
than that of the third family by less than one order of magnitude. It is also important to notice that the interference
effect among families is in magnitude as important as the contribution of the third family. This effect is destructive
for relatively light Z ′ gauge boson, but it is constructive for a heavier Z ′ boson. As it can be appreciated from these
tables, the SM quarks contribution to the decay width for mZ′ = 1.5 TeV is almost one order of magnitude larger than
3TABLE I: Family contribution to the Γ(Z → ggγ) decay in the standard model. Here ΓIqi represents the interference effect
among families. The exotic quark contributions are also indicated.
Family Γ [GeV] ΓI [GeV] Γqi [GeV] ΓQi [GeV] Γqi−Qi [GeV]
u, d 2.34 × 10−6 - - - -
c, s 2.4× 10−6 - - - -
t, b 5.81 × 10−7 - - - -
Total 5.32 × 10−6 8.36 × 10−6 1.37 × 10−5 ∼ 10−11 ∼ −10−10
for mZ′ = 500 GeV. On the other hand, the contribution of the exotic quarks to Γ(Z
′ → ggγ) is shown in Table III for
the scenario {mZ′ = 1.5 TeV,mQ = mD,S,T = 700 GeV}. It can be appreciated from this table that the exotic quark
contributions are about of one order of magnitude larger than those induced by the SM quarks. It is also interesting
to notice that the T quark interferes constructively with the other two exotic quarks, in contrast with the case of the
corresponding decay into three gluons, in which this interference effect is of destructive nature [1]. This effect is due
to the fact that the amplitude is proportional to QQi and QT > 0, but QD,S < 0. This arises as a consequence of the
fact that T appears as a component of an antitriplet of SUL(3), whereas D and S arise as components of triplets of
the same group. As it shown in Table VIII of Ref. [1], the destructive nature of the interference effect considerably
reduces the contribution of the exotic quarks to the Z ′ decay into three gluons. In our case, the constructive nature of
this effect leads to a contribution to Γ(Z ′ → ggγ) that is more than one order of magnitude larger than that associated
with Γ(Z ′ → ggg). This behavior can clearly be appreciated from Fig. 2, where the contributions to Br(Z ′ → ggγ) of
standard and exotic quarks are shown separately.
Using for the total decay width of the Z ′ boson the results given in Ref. [8], the branching ratio for the scenario
{mZ′ = mQ = mD,S,T = 500 GeV} is given by
Br(Z ′ → ggγ) = 1.53× 10−6 , (8)
which is determined essentially by the SM quarks. On the other hand, the corresponding branching ratio for the
scenario {mZ′ = 1.5 TeV,mQ = mD,S,T = 700 GeV} is given by
Br(Z ′ → ggγ) = 1.06× 10−4 . (9)
In this case, the contribution induced by the SM quarks is marginal.
TABLE II: Family contribution to the Γ(Z′ → ggγ) decay for mZ′ = 500 GeV and mZ′ = 1.5 TeV. Here Γ
I represent the
interference effect induced by the three families into the width decay.
mZ′ = 500 GeV mZ′ = 1.5 TeV mZ′ = 500 GeV mZ′ = 1.5 TeV mZ′ = 500 GeV mZ′ = 1.5 TeV
Family Γ [GeV] Γ [GeV] ΓI [GeV] ΓI [GeV] Γqi [GeV] Γqi [GeV]
u, d 1.13 × 10−4 7.01 × 10−4 - - - -
c, s 1.12 × 10−4 6.92 × 10−4 - - - -
t, b 3.64 × 10−4 3.06 × 10−3 - - - -
Total 5.89 × 10−4 4.45 × 10−3 −3.95 × 10−4 1.96 × 10−3 1.94 × 10−4 6.41 × 10−3
In conclusion, in this paper the rare Z → ggγ and Z ′ → ggγ decays were studied in the context of the minimal
331 model. Numerical results for the corresponding decay widths and branching ratios were obtained from exact
analytical expressions given in Ref. [1]. The relative importance of the contributions induced by the known quarks
and the exotic ones predicted by the model was analyzed. It was found that the Z → ggγ decay is dominated by the
first two families, being insensitive to the presence of exotic quarks. As to the Z ′ → ggγ decay, it was found that this
process is very sensitive to the exotic quark presence and its decay width can be more than one order of magnitude
larger than that associated with the Z ′ → ggg decay.
4TABLE III: Contribution of the exotic quarks to Γ(Z′ → ggγ) in the scenario {mZ′ = 1.5 TeV,mQ = mD,S,T = 700 GeV}.
Interference effects are also shown.
Quark ΓQi [GeV]
D 5.73× 10−3
S 5.73× 10−3
T 1.83× 10−2
D − S 1.13× 10−2
D − T 2.04× 10−2
S − T 2.04× 10−2
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FIG. 2: Impact of the known and exotic quarks on Br(Z′ → ggγ) as a function of the Z′ mass.
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